Semiconductor QDs can be fabricated by many methods, e. g. by lithography2 or by self-organized growth1. As one o f the most prominent realizations o f three dimensional carrier confinement, self-assembled InAs (or InxGa1-xAs) QDs have been studied in great detail1. Beside their importance for basic research on zero-dimensional carrier systems, these systems might also have technological applications, e. g., in low threshold lasers1, single photon sources3, or solid-state implementations o f quantum bits.
On a more fundamental level, one o f the main research goals is to reveal their precise level structure including both confinement effects and Coulomb interactions.
Up until the present, mainly conduction band states have been studied in this context where capacitance-voltage (C-V) spectroscopy provided valuable information on the level structure and the Coulomb interactions4,5,6. A non-sequential level filling for degenerate or nearly degenerate, respectively, energy levels, i. e., the manifestation of H und's first rule, was observed in some experiments on self-assembled InAs QDs7. This behavior was also observed in lithographically defined QDs, based on a GaAs/AlxGai_xAs resonant tunneling structure2. For both systems, the results could be well explained assuming a lateral confinement by a harmonic oscillator potential and treating the Coulomb interaction as a perturbation2,6. As required for perturbation theory, for electrons in InAs QDs, the Coulomb energies are significantly (two to three times)
smaller than the quantization energy and this approach reproduces the data quantitatively6. Also for lithographically defined QDs, the quantitative agreement is quite good6 although Coulomb energies and quantization energy are about the same. In neither of the two types of QDs incomplete shell filling with respect to non-degenerate single particle levels, as will be discussed in this Letter, was observed.
Due to the larger effective mass, the spatial carrier confinement in hole systems is stronger than in electron systems which results in a stronger Coulomb interaction and In Fig. 1 , C -V spectra of the hole system for various magnetic fields B (oriented perpendicular to the base of the InAs QDs, i.e., along the growth direction) are shown.
For B = 0 T, six clear charging peaks and a broader one, probably composed of two peaks, can be identified. By fitting peaks 1-6 with Gaussians, we can well reproduce the spectra. The areas of all peaks agree within 20 % and the charge obtained from the peak area agrees well with a dot density of ~2x1010 cm-2 expected for this growth condition.
Therefore, we conclude that each of the peaks corresponds to the charging of only one additional hole per QD. The peaks 1 and 2 exhibit almost no shift with magnetic field whereas the peaks 3 to 6 show -partly non-monotonic -shifts with magnetic field.
In From the change in the energy difference between peaks 1 and 2 (using the formula Ez = 2^bghB|Jz|, where (ib is the Bohr magneton and J z = ±3/2 as discussed below), we estimate an upper limit of 0.5 for the hole g-factor gh in our QDs. Therefore, it is clear that the shifts observed for peaks 3 to 6 are not caused by a hole spin Zeeman effect, i. e., the interaction of the magnetic field with the Bloch character of the hole.
Consequently, we attribute the observed shifts to the orbital Zeeman effect. This is further supported by C -V experiments in parallel magnetic fields, i.e., the field is applied inside the base plane of the InAs QDs. Up to 28 T, the observed shifts were not exceeding 1.5 meV for any charging peak and were, for most peaks, below the experimental resolution. This is consistent with an angular momentum L z perpendicular to the base plane of the quantum dots, i. e., a movement of the carriers parallel to the base plane, as expected for a strong anisotropy in the spatial extension of the carrier wave function11.
To demonstrate the different slopes of the individual charging peaks in the low field range (B < 14 T), Fig. 3 shows the absolute value of the changes in peak position with magnetic field, i. e., the energy for B = 0 was subtracted. One can clearly distinguish three different slopes: Peaks 1 and 2 exhibit almost no shift. Peaks 3 and 4 shift by In the following, we will discuss in more detail the nature of the individual charging peaks. In any rotationally symmetric confining potential, especially the two dimensional harmonic oscillator, which is commonly used to describe the electron system in InAs QDs6, one obtains single particle levels that can be classified according to their angular momentum as s-, p -and J-states in analogy to atomic physics. To first order, sstates do not shift with magnetic field, whereas J-states shift twice as strongly as p-states (assuming a constant effective mass as discussed below). Therefore, we identify peaks 1 and 2 as s-like states, 3 and 4 as p-states and 5 and 6 as J-like states. Taking the sign of the slopes into account, the six-hole ground state for 0 < B < 14 T is then (ssp_p+J_J+).
Following the notation of [6] , the subscript denotes the direction of the angular momentum L z states, i.e., L z = ±1 for p-states, and L z = ±2 for J-states, respectively. With this assignment we can conclude that, instead of filling the p -shell completely with four holes, the filling of the J -shell already starts when the p -shell is only half filled. The resulting six-hole ground state is almost fully polarized and five out of six holes have Jz = -3/2 (see Fig. 2 for a sketch of the configuration). It seems that minimizing the total Coulomb energy, i. e., the gain in exchange energy and a reduction in direct Coulomb energy, not only makes the non-sequential filling of degenerate or nearly-degenerate single particle levels (Hund's rules), e.g., p -and p+, favorable but can even overcome the energy difference between the p -and J -shell and lead to the filling of the J -shell before the p -shell is completed. This is a quite unique feature because for the electron systems in InAs QDs5,6 or lithographically defined QDs2 the p -shell is filled completely and the six electron ground state (sspppp) is unpolarized at B = 0 T.
For B > 16 T, the magnetic-field-induced energy shifts of the single particle levels lead to a new six-hole ground state: (ssp-J-p+J-), which is reflected in Fig. 2 by the changes in the slope for peaks 4, 5, and 6 around 16 T and can be interpreted as a crossing of single particle levels at this magnetic field.
Because for our peak assignment we rely on the classification of the single particle levels according to angular momentum, it is worth stressing that this assignment is not limited to the harmonic oscillator potential but is valid for any potential for which the angular momentum Lz is a good quantum number. Therefore, any rotationally symmetric potential can be described this way and -in good approximation-also potentials where the dot shape12 or the ZnS-structure of the material13 leads to a slight asymmetry. Thus, the discussion of the non-sequential, incomplete level filling, leading to a highly polarized ground state due to important Coulomb interaction is valid even if the exact confinement potential deviates slightly from that of the perfect harmonic oscillator, as long as a single effective mass can be assigned to all relevant single particle levels, which is reasonable for our system as discussed in the next paragraph.
For a more detailed analysis we have to consider that holes are more complicated than electrons because of the complex valence band in III-V semiconductors. In InAs QDs, the degeneracy of the heavy hole (Jz = ±3/2) and light hole (Jz = ±1/2) band is lifted due to the carrier confinement. For the lowest lying hole states, a predominantly heavyhole character (Jz = ±3/2) with respect to the growth direction is expected because of the significantly smaller quantization energy compared to the light-hole state in growth direction. This was predicted for QDs similar to those discussed here using a simple adiabatic approach14,15. The heavy-hole character in growth direction was also confirmed experimentally by optical absorption measurements14,15. Furthermore, detailed pseudopotential calculations show the predominantly Jz = ±3/2 character for the lowest hole states in InxGa1-xAs-QDs13. Therefore, it is well justified to assume in our case a heavy hole character with respect to growth direction for all observed hole levels and assign to them a single effective mass tensor as done in our discussion above. It is important to stress that due to the anisotropic confinement, i. e., the much stronger confinement in growth direction, for a heavy hole state with respect to motion in growth direction a effective mass closer to the bulk light hole value is expected for motion perpendicular to the growth direction. Note that the effective hole mass for motion perpendicular to the growth direction determines the magnetic field dispersion of the individual charging peaks.
In the following we will compare our data with a widely used model based on a harmonic oscillator potential and perturbation theory, following the procedure outlined in Ref. 6 . With this approach, one calculates as criterion that ssp-p+J-J+ becomes the sixhole ground state that the ratio of the quantization energy and the direct Coulomb energy in the s-state has to be smaller than 11/16. Taking our measured direct Coulomb energy of 24 meV, the quantization energy should be smaller than 17 meV, which is ~40 % less than the value (29 meV) obtained from the distance between peak 2 and 3 using the same model. Also, the predicted and measured charging energies for peaks 4-6 disagree by about 30 % (5 to 10 meV). This means that the perturbation approach outlined in Ref. 6 describes the system studied here qualitatively, i. e., predicting a ssp.p+J.J+ configuration as six hole ground state if the quantization energy decreases compared to the Coulomb interactions. However, a quantitative description with this approach is accurate only on the 30 % level. On the one hand, this is not surprising because a perturbation approach
should not be justified in the case when Coulomb energies and quantization energies are almost equal. On the other hand, it is worth noting that the quantitative agreement is better for electrons in lithographically defined QDs2,6, where a ssp.p+p.p+ six-electron ground state is observed even though the quantization energy and the direct Coulomb energy in the ground state are roughly the same. This difference might be due to the fact that for our system the balance is shifted even slightly more in favor of the Coulomb interactions. Another reason might be that the spatial confinement is much stronger in our system and, therefore, the error due to the perturbation approach is larger. We believe that only a more elaborate theory can give a complete quantitative description of these results.
To describe the dispersion of the individual charging peaks over the whole for this large deviation is not completely understood at the moment but is probably related to the strain in the QDs, which is expected to increase the value for the in-plane effective mass. Also non-parabolicity and valence band mixing effects could lead to an increased in-plane hole mass.
In summary, our C-V measurements on the hole system in InAs QDs in magnetic field show a pronounced non-sequential shell filling, a behavior not observed for the corresponding electron system. This incomplete level occupation results in a highly polarized six-hole ground state and shows that the Coulomb interaction can not only enforce the non-sequential filling of degenerate or nearly degenerate single-particle levels but can also overcome the separation between levels associated with different single particle shells. This is a manifestation of the important role Coulomb interaction plays for the hole system in the InAs QDs investigated.
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